Abstract: In the present study, ten Fusarium sp. were screened for the presence of lectins by hemagglutination assay using human and animal erythrocytes. Amongst them nine species, namely F. acuminatum, F. chlamydosporium, F. coeruleum, F. compactum, F. concolor, F. crookwellense, F. culmorum, F. decemcellulare and F. dimerum were found to possess lectin activity. Neuraminidase treatment to rabbit erythrocytes considerably augmented hemagglutination titre, but no such effect was observed with protease-treated erythrocytes. Lectins were tested for inhibition of hemagglutination activity against a panel of carbohydrates. Majority of the lectins were inhibited by L-fucose, D-galactose, bovine submaxillary mucin and dextran. γ-Globulin was inhibitory against lectins from F. acuminatum, F. chlamydosporium, F. compactum and F. culmorum at a concentration of >250 µg/mL, whereas bovine submaxillary mucin and porcine stomach mucin were observed to be strongest inhibitors of lectin from F. compactum with minimum inhibitory concentration of 7.18 µg/mL and 15.6 µg/mL, respectively. Most of the lectins displayed antimicrobial activity against Bacillus cereus, Escherichia coli, Staphylococcus aureus and Aspergillus niger. Lectins from F. chlamydosporium, F. culmorum and F. crookwellense have also exhibited antimicrobial activity against Candida albicans. These findings illustrate the significance of Fusarium sp. lectins in clinical applications.
Introduction
Lectins constitute a heterogeneous group of ubiquitous proteins or glycoproteins of non-immune origin that specifically and reversibly bind to carbohydrates, usually agglutinate cells or precipitate polysaccharides and glycoconjugates. The omnipresence of lectins in biosphere plays a crucial role in diverse biological processes. Surprisingly due to their multifaceted properties, biological role of lectins is speculative (Kumar et al. 2012 ) and they are a subject of intensive investigations (Lam & Ng 2011) . They serve a role in various biological recognition phenomena including cell-cell interactions (Matsumura et al. 2007 ), molecular markers of cell differentiation, drug targeting and pathological states (Hussain et al. 1997; Singh et al. 1999) . The binding of lectins to their specific glycan receptors provokes diverse cellular responses including inhibitory activity towards HIV-1 reverse transcriptase (Zhao et al. 2010) , mitogenic potential (Zheng et al. 2007; Singh et al. 2010) , anti-oxidant (Rana et al. 2011) , anti-fungal (Amano et al. 2012 ) and antiproliferative activities (Albores et al. 2013) . Lectins have been used in integrated pest management strategies (Lam & Ng 2011) . Due to high specificity and recent advancement in the field of lectin microarrays, they are now used to profile a broad range of biological systems (Ribeiro & Mahal 2013) .
The distribution of lectins among various microbial groups has shown a high incidence of lectins in algae and higher fungi (Santhiya & Jansi 2013; Singh et al. 2013b) . Recent advancements in genome sequencing and recombinant protein production would play a pivotal role in exploring novel lectins from microbial sources (Varrot et al. 2013) . The structural and biochemical properties of distinct fungal lectins have been explored recently . The various physiological roles proposed for fungal lectins include identification of host during ectomycorrhizal symbiosis (Pujic et al. 2012) , facilitating association with algae and cyanobacteria in lichens (Diaz et al. 2011; Singh & Walia, 2014) and yeast flocculation (Singh et al. 2011) .
Fusarium is a well-known genus of plant pathogens, belonging to phylum Ascomycota and class Sordariomycetes. It is widely distributed in soil, subterranean 1296 R.S. Singh & S. Thakur and aerial plant parts, plant debris, and other organic substrates. Fusarium sp. cause substantial loss of several economic crops and may also cause allergic diseases in immunocompromised patients, and mycotoxicosis in humans and animals. Only two reports are available in literature on lectins from Fusarium sp. (Ishikawa & Oishi 1989; Khan et al. 2007 ). There is a dearth of information about lectins of this genus. Therefore, keeping in view the aforementioned properties of fungal lectins, the present investigation involves screening of Fusarium sp. for lectin activity and their carbohydrate specificity. Antimicrobial activity of lectin-positive cultures has also been evaluated.
Material and methods
Fungal cultures, media and growth conditions Ten fungal strains of Fusarium sp. were procured from Microbial Type Culture Collection, Institute of Microbial Technology, Chandigarh, India. All the strains were maintained on media prescribed by MTCC and stored at 4±1
• C, until further use. F. chlamydosporium MTCC 2099, F. coeruleum MTCC 4260, F. compactum MTCC 2014, F. crookwellense MTCC 2084, F. culmorum MTCC 2090, F. dimerium MTCC 6583 and F. concolor MTCC 1009 were maintained on potato sucrose agar slants containing (%) potato extract 20.0, sucrose 2.0, agar 3.0; and medium pH was adjusted to 6.5. F. decemcellulare MTCC 6774 was maintained on potato dextrose agar slants containing (%) potato extract 20.0, dextrose 2.0, agar 3.0; and medium pH was adjusted to 5.6. F. acuminatum MTCC 1983 was maintained on malt yeast extract agar slants containing (%) malt extract 0.3, yeast extract 0.3, peptone 0.5, glucose 1.0, agar 3.0; and medium pH was adjusted to 7.0. F. avenaceum MTCC 3325 was maintained on oatmeal agar slants containing (%) powdered oatmeal extract 3.0 and agar 3.0. For preparation of oatmeal extract, oatmeal flakes (3 g) were wrapped in chesse cloth and hung in a beaker containing boiling water for 2 hours. All the cultures were inoculated with mycelia on agar discs (5 mm diameter) in Erlenmeyer's flasks (250 mL) containing 100 mL of the same sterile medium used for their maintenance except agar and incubated at 25
• C for 3-10 days, under a stationary condition. Lectin activity was assessed in fungal mycelia after 5, 7 and 9 days of growth. Likewise, the cultures grown on solidified agar plates were incubated under similar conditions and assessed for lectin activity.
Preparation of lectin extracts
Fungal biomass obtained from broth culture was washed thoroughly with distilled water and then with phosphate buffered saline (PBS; 0.1 M, pH 7.2) and pressed dry. Fungal extract was prepared for determination of intracellular lectin activity as described earlier (Singh et al. 2008) . Myceliumfree broth was used for determination of extracellular lectin activity. The mycelia grown on solidified agar plates were scraped free of agar and processed similarly for the detection of intracellular lectin activity.
Conidial lectin activity
Conidia were obtained by scraping the mycelia of 7-dayold cultures grown on agar plates. The mycelia were suspended in PBS (0.1 M, pH 7.2) in a test tube containing glass beads and vortexed at room temperature for 10 min.
The suspension containing conidia was decanted and centrifuged (1500×g) for 5 min. The pellet was re-suspended in PBS and absorbance was adjusted to 0.6 (approximately 10 8 conidia/mL). Absorbance was measured in a square Quartz cuvette (12.5 mm W × 49 mm H × 12.5 mm D) at 620 nm using spectrophotometer (Pharmaspec UV-1700, Shimadzu, Japan). Conidial suspensions in aliquots of 2 mL were subjected to sonication at an acoustic power of 200 W for 5 min with 30 s pulse on and off each using an ultrasonicator (VCX 750, Sonics & Materials Inc., USA) in an ice bath. Sonicated conidial suspension was centrifuged (8000×g) at 4
• C for 10 min and supernatant obtained was analysed for lectin activity.
Lectin activity as a function of growth Erlenmeyer's flasks (250 mL) containing 50 mL medium were inoculated with culture discs (5 mm diameter) containing mycelium and incubated at 25
• C, under stationary condition in a BOD incubator (NSW-152, Narang Scientific Works, India). Lectin activity as a function of growth in lectin-positive cultures was determined for 5-12 days at 24 h intervals.
Erythrocyte preparation
Fresh blood samples from human volunteers and animals were drawn in Alsever's solution (pH 6.1) containing (%) sodium chloride 0.42, glucose 2.05 and sodium citrate 0.8 in the ratio 1:2. Human blood was withdrawn from antecubital vein of the volunteers. Goat, sheep and pig blood was collected after decapitation of animals in a local butchery of Patiala. Rabbit blood was withdrawn from marginal vein on lateral side of ear pinna. Erythrocyte suspension (2%, v/v) was prepared in PBS (0.1 M, pH 7.2) and used to ascertain lectin activity as described previously (Singh et al. 2008 ). The suspension was stored at 4
• C, until further use.
Enzymatic modification of erythrocytes
For enzymatic treatment of erythrocytes, 1 mL of erythrocyte suspension (10%, v/v) was mixed with an equal volume of neuraminidase (0.2 IU/mL, Sigma Pvt. Ltd., USA) or protease (2 mg/mL, ICN, USA) and incubated at 37
• C for 60 min. Reaction was stopped by adding excess of PBS (0.1 M, pH 7.2) and centrifuged at 400×g for 5 min at 4
Pellet was washed five-times with PBS to remove traces of enzyme and re-suspended in PBS to a final concentration of 2% (v/v). Lectin activity was detected using enzymatically modified erythrocytes.
Hemagglutination assay
Hemagglutination assay was performed for the presence of lectin activity using human, sheep, goat, pig and rabbit erythrocytes as described by Singh et al. (2009a) . Agglutination assays were carried out in 96-well U-bottom microtitre plates (Tarsons Products Pvt. Ltd., India) by adding 20 µL (2%, v/v) of erythrocyte suspension (enzyme treated/untreated) to 20 µL of serially diluted lectin in PBS. Microtitre plates were incubated at room temperature for 30 min, stabilized at 4
• C for 1-2 h and hemagglutination was visualised with unaided eye. Mat formation indicated the presence of lectin activity, while button formation at the bottom of cavity indicated the absence of lectin activity. Lectin activity is expressed as a titre, which is inverse of the highest dilution capable of visible agglutination. Saccharide specificity Saccharide specificity of lectins was determined by hemagglutination inhibition assay. The inhibition assay was carried out against a panel of carbohydrates according to the method of Singh et al. (2008) . To 20 µL of appropriately diluted lectin (twice the lowest concentration capable of visible agglutination), an equal volume of sugar solution to be tested for inhibition was added in U-bottom microtitre plates. After 1 h of incubation at room temperature, 40 µL of 2% (v/v) erythrocyte suspension was added to each well and plates were further incubated for 30 min at room temperature. A positive control was run containing 20 µL PBS instead of lectin extract and negative control received 20 µL PBS instead of sugar solution. The plates were stabilized at 4
• C for 2-3 h. Formation of button in the presence of sugar indicated the inhibition of lectin activity, i.e. a positive reaction, while mat formation indicated no inhibition by the sugar. Minimum inhibitory concentration of each sugar was determined by serial double dilution of the sugar solution. Minimum inhibitory concentration is defined as the lowest concentration of sugar capable of complete inhibition of agglutination. The carbohydrates (source: Sigma-Aldrich, USA)
inulin, bovine submaxillary mucin, porcine stomach mucin, asialofetuin, pullulan, melibiose, starch, dextran and γ-globulin. Simple sugars were tested at a final concentration of 100 mM, while complex sugars and glycoproteins were tested at 1 mg/mL concentration.
Antimicrobial activity
Antimicrobial activity was determined by agar diffusion assay using a method described by Chumkhunthod et al. (2006) with slight modifications.
Antibacterial activity assay
Test organisms used for the antibacterial assay were Staphylococcus aureus MTCC 3760, Bacillus cereus MTCC 430 and Escherichia coli MTCC 1302. To prepare inoculum, the test culture strains were transferred from nutrient agar slants into flasks containing nutrient broth and grown overnight under agitation (150 rpm) at 37
• C. The overnight grown culture was diluted with sterile PBS (0.1 M, pH 7.2) to yield a 0.5 McFarland suspension. The prepared cell suspension was then aseptically inoculated on MuellerHinton agar plate. Filter paper discs were impregnated with 50 µL of each lectin extract and placed on the inoculated agar plates and then incubated at 37
• C for 24 h. The filter paper disc containing the reference antibiotic (ampicillin 10 mg/mL) was used as a positive control. Diameter of the inhibitory zones formed was measured. All the tests were performed in triplicates and results are expressed as mean ± standard deviation (SD).
Antifungal activity assay
For the antifungal activity assay, Candida albicans MTCC 227 was grown in 2% (w/v) malt extract broth for 48 h at 30
• C under agitation (150 rpm), whereas Aspergillus niger MTCC 281 was cultivated on potato dextrose agar plates for 5 days at 30
• C, under a stationary condition. The sporulating mycelia of A. niger were scraped and suspended in PBS (0.1 M, pH 7.2) in a test tube containing glass beads and vortexed at room temperature for 10 min. The suspension containing spores was decanted and its concentration was adjusted to 10 7 spores/mL (0.5 McFarland suspension). The same concentration of yeast cells was adjusted in malt extract broth. The spreading of yeast and spore suspension was carried out on 3% (w/v) malt extract agar and potato dextrose agar plates, respectively, for the agar diffusion experiments. Filter paper discs were impregnated with 50 µL of each lectin extract. The filter paper disc containing the reference antibiotic (nystatin 10 mg/mL) was used as a positive control. In this test, diameter of inhibitory zones was measured after incubation of 48 h at 30
• C. All the tests were performed in triplicates and results are expressed as mean±standard deviation (SD).
Results and discussion
Screening of fungal cultures for occurrence of lectins Eight species of Fusarium were found lectin-positive (Table 1) . Lectin activities were detected in mycelia obtained from broth as well as from agar plate cultures (Table 2) . Lectin titres were found comparatively lower in mycelia obtained from agar plates than in liquid medium. Lower lectin activity from agar plate cultures corroborates our earlier findings from Aspergillus sp. (Singh et al. 2008 and Penicillium sp. (Singh et al. 2009a ). None of the Fusarium sp. expressed lectin activity in mycelium-free broth as well as in conidial extracts obtained from lectin-positive cultures suggesting that the lectin is localized only in the mycelia. Mycelial intracellular lectin activity has been reported from Fusarium sp. (Ishikawa & Oishi 1989) , F. solani (Kobayashi et al. 2004) , suggesting that N-glycoylneuraminic residues containing sugar chains on the cells could be recognized by the lectin. Furthermore, F. decemcellulare also displayed lectin activity with rabbit erythrocytes, whereas F. coeruleum agglutinated only rabbit erythrocytes. An intracellular lectin from Fusarium sp. has been reported to agglutinate human A, B, O, chick, horse and rabbit erythrocytes (Ishikawa & Oishi 1989) . All human blood type erythrocytes were agglutinated almost equally with no type preference indicating that lectins belong to the category of panagglutinins or non-specific lectins. Specificity of a lectin binding to a blood type suggests lectin binding to blood group immunodeterminants on the surface of erythrocytes and its possible role in blood typing (Sharon & Lis 1972 ).
Effect of enzymatically treated rabbit erythrocytes on lectin activity Surface of rabbit erythrocytes was modified with neuraminidase and protease. Neuraminidase treatment not only reduces the net negative charge of the cell surface by removal of sialic acid residues, but also exposes the sub-terminal galactosyl groups rendering it more vulnerable to agglutination (Schaurer 1982) . Protease treatment exposes the cryptic antigens on the surface of erythrocytes making it accessible to lectin for binding. Neuraminidase treatment of rabbit erythrocytes substantially increased the agglutinability by all lectins except F. decemcellulare and F. dimerum, where lectin titre remained unaltered after enzyme treatment (Table 3 ). Protease treatment of rabbit erythrocytes has not shown significant impact on lectin activity of Fusarium sp. F. concolor lectin showed agglutination only with enzymatically modified rabbit erythrocytes.
In an earlier report, native and trypsinised human erythrocytes have been reported to be not susceptible to lectin from F. solani, but neuraminidase and pronase treated erythrocytes were readily agglutinated (Khan et al. 2007 ).
Saccharide specificity
Lectin activity of majority of the Fusarium sp. was found to be inhibited by L-fucose, D-galactose, bovine submaxillary mucin and dextran (Table 4) . Out of these carbohydrates, dextran was found to be the most potent inhibitor. None of the Fusarium sp. lectins interacted with free sialic acid N-acetyl neuraminic acid. F. culmorum and F. decemcellulare showed specificity towards N-glycolyl neuraminic acid corroborating their interaction with porcine erythrocytes. F. acuminatum lectin was inhibited by polysaccharides pullulan (62.5 µg/mL) and dextran (31.25 µg/mL). F. coeruleum lectin was strongly inhibited by D-galactose, D-trehalose dihydrate, inositol, meso-inositol, D-glucosamine hydrochloride, D-galactosamine hydrochloride, porcine stomach mucin, thiodigalactoside and dextran. Lectins from F. decemcellulare and F. dimerium were highly specific for D-trehalose dihydrate and D-glucuronic acid. F. decemcellulare lectin displayed specificity towards D-glucosamine hydrochloride, D-galactosamine hydrochloride, D-glucuronic acid and D-galacturonic acid. F. compactum showed lower titres with blood type O erythrocytes, while F. decemcellulare lectin did not show hemagglutination with these erythrocytes. Human blood type O cells contain L-fucose as the terminal receptor. Both these lectins did not exhibit specificity towards L-fucose, which confirms the observation that they do not interact with these residues. Of the various glycoproteins tested, only bovine submaxillary mucin was found to be inhibitory to F. dimerium lectin. Lectin recognizing O-linked and N-linked glycans has been reported from F. solani (Khan et al. 2007 ). It was not inhibited by simple sugars, but was specific for asialofetuin and mucin. Penicillium lectins have been found to be inhibited by D-glucuronic acid, D-galacturonic acid, bovine submaxillary mucin, porcine stomach mucin, asialofetuin, starch and dextran (Singh et al. 2009a (Singh et al. , 2013a . Lectin from F. compactum and F. crookwellense exhibited greater affinity towards asialofetuin, which contains three trivalent N-linked as well as three O-linked glycans, as compared to its sialylated form. Similar observations have been reported for Sclerotium rolfsii lectin (Wu et al. 2001) . All lectins except from F. chlamydosporium and F. decemcellulare showed specificity to bovine submaxillary mucin. Mucin-specific lectins have also been reported from Trichoderma sp. (Singh et al. 2005) , Aspergillus fumigatus (Tronchin et al. 2002) , A. nidulans, A. niger, A. versicolor and A. rugulosus (Singh et al. 2008 ). Higher affinity with sialylated glycoconjugates can be found in lectins, where primary interacting counterpart is the N-acetyl neuraminic acid itself rather than penultimate galactose residue (Khan et al. 2007) . Lectins from F. decemcellulare and F. dimerium exhibited a weak interaction with bovine submaxillary mucin and were not inhibited by porcine submaxillary mucin. Similar titres of these lectins with native and neuraminidase-treated erythrocytes indicate that they do not interact with neuraminic acid. These lectins exhibited lower interaction with sialic acid containing glycoproteins as compared to asialo forms.
Lectin activity of Fusarium sp. as a function of growth Lectin activity was expressed by 5-day-old cultures of F. chlamydosporium and F. culmorum. Lectins of F. acuminatum and F. decemcellulare were expressed on 7 th day of incubation, but no activity was observed beyond 11 days of cultivation (Fig. 1) . Lectins from F. coeruleum and F. crookwellense displayed maximum activity (titre 32) in 7-8 days old cultures. None of the cultures expressed lectin activity beyond 11 days of growth. Although biomass increases with culture age, corresponding increase in lectin activity was not observed beyond a particular level of growth, suggesting that lectin activity is not a function of growth rate alone (Singh et al. 2009b ).
Antibacterial activity
All Fusarium sp. lectins showed a promising antibacterial activity against all the tested strains except for F. compactum (Table 5 ). Antibacterial activity of lectins has been reported from Archidendron jiringa (Charungchitrak et al. 2011) and Prunella vulgaris (Wani et al. 2011) . Antibacterial activity of Penicillium sp. lectins has been reported against Bacillus cereus, Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa (Singh et al. 2013a ). The exact mechanism of antimicrobial activity of microbial lectins has not yet been established, but it is mainly attributed to carbohydrate-binding site present on cell wall. All microorganisms express surface exposed carbohydrates, which are a potential lectin-reactive site. These carbohydrates may be covalently bound, as the glycosylated teichoic acids to peptidoglycan or non-covalently bound as the capsular polysaccharides (Caldeon et al. 1997; Hirmo et al. 1997) .
Antifungal activity
The growth of C. albicans was susceptible to F. chlamydosporium, F. culmorum and F. crookwellense lectin extracts, while A. niger was found sensitive to all the Fusarium sp. lectin extracts except F. dimerum. Weak antifungal activity against A. niger has been reported from crude lectin extract of Schizophyllum commune (Chumkhunthod et al. 2006) . Lectin from seeds of A. jiringa showed growth inhibition of some plant pathogenic fungi (Charungchitrak et al. 2011) . Aleuria aurantia lectin exhibits antifungal activity against Mucor racemosus (Amano et al. 2012) . Penicillium sp. lectins having antifungal activities against A. niger and C. albicans has been reported (Singh et al. 2013a ). Many reports on plant lectins have revealed that they are implicated in the host defence mechanisms as antifungal proteins. But there are only a few reports on fungal lectins having antifungal activity.
Conclusions
The present study manifests the Fusarium sp. as a rich source of intracellular mycelial lectins. The unique carbohydrate specificity of Fusarium sp. lectins advocates that lectin affinity chromatography could be used to immobilize lectin to purify specific carbohydrates. The antimicrobial activity of Fusarium sp. lectins illustrates their significance in clinical applications. The usefulness of lectins in clinical microbiology can be exhibited by use of empirical testing procedure, which may further augment their values as potential diagnostic reagents for clinical microbiologists. These findings would provide useful guidelines for further elucidating their role in clinical studies.
